(Received 5 March 2018; accepted 6 July 2018; published online 23 July 2018) Understanding the band structure evolution of (Al x Ga 1Àx ) 2 O 3 alloys is of fundamental importance for developing Ga 2 O 3 -based power electronic devices and vacuum ultraviolet super-radiation hard detectors. Here, we report on the bandgap engineering of b-(Al x Ga 1Àx ) 2 O 3 thin films and the identification of compositionally dependent electronic band structures by a combination of absorption spectra analyses and density functional theory calculations. Single-monoclinic b-phase (Al x Ga 1Àx ) 2 O 3 (0 x 0.54) films with a preferred (À201) orientation were grown by laser molecular beam epitaxy with tunable bandgap ranging from 4.5 to 5.5 eV. The excellent fitting of absorption spectra by the relation of (ah)
1/2 / (h-E) unambiguously identifies that b-(Al x Ga 1Àx ) 2 O 3 alloys are indirect bandgap semiconductors. Theoretical calculations predict that the indirect nature of b-(Al x Ga 1Àx ) 2 O 3 becomes more pronounced with increased Al composition due to the increased eigenvalue energy gap between M and U points in the valence band. The experimentally determined indirect bandgap exhibits almost a linear relationship with Al composition, which is consistent with the theoretical calculation and indicates a small bowing effect and a good miscibility. The identification and modulation of (Al x Ga 1Àx ) 2 O 3 band structures allows rational design of ultra-wide bandgap oxide heterostructures for the applications in power electronics and solar-blind or X-ray detection. Published by AIP Publishing. https://doi.org/10.1063/1.5027763 Gallium oxide (Ga 2 O 3 ) is an emerging candidate for the applications of solar blind photodetectors, high power transistors due to its ultra-large band gap of 4.8 eV, high breakdown field, high electron saturation velocity, and high hardness irradiation. [1] [2] [3] [4] [5] To further exploit the potential of Ga 2 O 3 material, bandgap engineering of (Al x Ga 1Àx ) 2 O 3 and heterostructure designs are on demand. Bandgap tunability of (Al x Ga 1Àx ) 2 O 3 alloying up to above 6 eV enables to develop vacuum ultraviolet (VUV) super-radiation hard detectors. 6 Furthermore, (Al x Ga 1Àx ) 2 O 3 /Ga 2 O 3 based high electron mobility transistors (HEMTs) with a twodimensional electron gas channel has been demonstrated through Si delta-modulation doping. [7] [8] [9] Whereas the channel mobility is still not far enough for high frequency applications, as it is limited by polar optical phonon scattering due to a higher electron effective mass of 2DEG. 7 The device performance of photodetectors and transistors are normally determined by the optical transition nature and intrinsic effective mass, and therefore, a deep understanding of the fundamental properties of (Al x Ga 1Àx ) 2 O 3 alloying materials is critical. Despite a handful of reports on the bandgap modulation of (Al x Ga 1Àx ) 2 O 3 and demonstrations of modulationdoped HEMT, the experimentally obtained bandgap values exhibit a strong dependence on the synthesis methods and growth conditions. 10, 11 In particular, most reports treated bGa 2 O 3 and (Al x Ga 1Àx ) 2 O 3 as direct bandgap materials while no band emission with direct transition has been observed. These contradictory facts are also inconsistent with the theoretical predictions of the electronic band structure of b-Ga 2 O 3 .
12, 13 The effects of intrinsic defects on the electronic and optical properties of b-Ga 2 O 3 doped by a small composition of Al has been investigated with first-principles calculation, whereas the electronic band structural evolution of (Al x Ga 1Àx ) 2 O 3 with a full compositional range of Al and the nature of optical transitions are still not well understood. 14 Here, wide bandgap engineering of composition tunable single-monoclinic b phase (Al x Ga 1Àx ) 2 O 3 (0 x 0.54) thin films were achieved through laser molecular beam epitaxy (LMBE) technique. The evolution of structural phase and indirect optical transition of the alloying films were identified using absorption spectra analyses in combination with first principles simulation. The correlation of the optical transition with the electronic band structure is discussed in detail.
(Al x Ga 1Àx ) 2 O 3 alloying films were grown on single polished (0001) sapphire by LMBE using a various (Al x Ga 1Àx ) 2 Authors to whom correspondence should be addressed: carl.cui@sydney. edu.au and yejd@nju.edu.cn (60 C) H 2 SO 4 (98%), ultrasonically cleaned in ethanol and acetone, rinsed in deionized water, and blow-dried with nitrogen flow. The distance between targets and substrates were maintained at 7 cm. A 248 KrF excimer laser with a pulse repetition of 1 Hz and a pulse energy of 225 mJ was used to ablate the target. The base pressure of the growth chamber was evacuated below 2 Â 10 À8 Torr. According to the optimized growth window for b-Ga 2 O 3 material, the partial pressure of oxygen ambient (99.999%) was fixed at 5 Â 10 À3 Torr, and the substrate temperature was maintained at 800 or 850 C. The microstructures of (Al x Ga 1Àx ) 2 O 3 were characterized by high resolution X-ray diffraction (HRXRD) using a D8 advance system with a Cu Ka X-ray source and angle reproducibility of 60.0001
. X-ray photoelectron spectra were recorded by a ULVAC-PHI 5000 versa probe system with an Al Ka X-ray source. Optical transmission spectra were recorded by a UV-visible near-IR scanning spectrophotometer (Lambda 950, PerkinElmer). To identify the structural and electronic structure evolution of (Al x Ga 1Àx ) 2 O 3 , density functional theory (DFT) calculations with the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof and the screened hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE), as implemented in the VASP code were conducted. [15] [16] [17] In the HSE calculations, the Hartree-Fock mixing parameter was set to 0.3. The plane wave basis set cutoff energy of 500 eV was used. The energy convergence criterion between two electronic steps was 10 À4 eV. The first Brillouin zone was sampled by a k-mesh of (6 Â 24 Â 12) and (12 Â 12 Â 4) for the b-and a-Ga 2 O 3 , respectively. Atomic positions were optimized in all the calculations until the maximum force on each atom is less than 0.02 eV/Å .
The Al contents in the (Al x Ga 1Àx ) 2 O 3 samples, where x ranges from 0 to 0.54, were determined from the results of XPS analyses (XPS spectra are shown in Fig. S1 ). It can be understood that the low indexed reflex (À2 0 1) with a small incident angle suffer from more serious incoherent scattering for the smaller lateral grain sizes due to the crystalline degradation. Similar phenomena have also been observed in the hetero-epitaxial growth of (Al x Ga 1Àx ) 2 O 3 on sapphire by various means of MBE, pulsed laser deposition (PLD), and, MIST-CVD techniques. 10, 18, 19 The reported phase transition from a stable pseudomorphic a-(Al x Ga 1Àx ) 2 O 3 ultra-thin interfacial layer into a plastically relaxed and textured monoclinic b-(Al x Ga 1Àx ) 2 O 3 in the form of rotational domains is also observed, as shown in supplementary material, Fig. S2 . 20 The crystalline degradation is attributable to the relatively low growth temperature for crystallization of b-(Al x Ga 1Àx ) 2 O 3 as it is optimized for pure b-Ga 2 O 3 . 10, 18, 19 Nevertheless, the dominant (À6 0 3) diffraction peaks indicate the grown films are of the single phase with a preferred (À2 0 1) orientation. . 21 Considering the monoclinic structure, the plane space of (À6 0 3) can be
, where h ¼ À6, k ¼ 0, and l ¼ 3. As a consequence, the Al content, x can be determined from the positions of (À6 0 3) diffraction peaks. As shown in Fig. 2(a) , the composition of Al calculated from XRD patterns by the above equations agrees very well with the values determined by XPS measurements shown in Table I . It strongly suggests that most of the Al atoms have been incorporated in the alloy lattice, i.e., b-(Al x Ga 1Àx ) 2 O 3 system has a good miscibility. 22 To investigate the substitutional behavior of Al in b-(Al x Ga 1Àx ) 2 O 3 , the system stability with different Al concentrations (i.e., various numbers of Al atoms, ranging from 2018) 0 to 6) to substitute Ga atoms in b-Ga 2 O 3 unit cell were simulated in the DFT framework. For each alloy, several initial atomic configurations have been considered, where the calculated energetically favorable structures are shown in Fig. S3 . It is found that Al ions prefer to substitute Ga tetrahedral sites in fully relaxed atomic structures. This preference can be explained as the consequence of the fact that Al 3þ has smaller ionic radius than that of Ga 3þ with lower formation energy. 23 A good consistency between experimental cell volume, deduced from XRD, and the fully relaxed theoretical DFT-HSE results was obtained, as exhibited in Fig. 2(b) , despite a small deviation observed for low Al compositions. This indicates the validity of the setup of atomic configuration in DFT calculation, which is important for the accurate prediction of electronic band structures. Note that experimentally, the (Al x Ga 1Àx ) 2 O 3 layer may still be partially strained to the sapphire substrate, consistent with the strain analysis of (Al x Ga 1Àx ) 2 O 3 /Al 2 O 3 interface by the high-resolution cross-section transmission electron microscopy (Fig. S2) , which results in the cell volume deviating from that of the fully relaxed structure, particularly more so for samples with lower Al content.
On the aspect of electronic band structure of b-(Al x Ga 1Àx ) 2 O 3 , both GGA and HSE calculations were performed in terms of first principles, which has been widely employed to predict a variety of electronic, optical, and magnetic properties of polycrystalline oxide semiconductors. [24] [25] [26] [27] [28] The specific electronic band structures of the alloy films with composition of x ¼ 0 and x ¼ 0.5 are shown in Figs. 3(a) and 3(b) , respectively. It is found that the valence band maximum (VBM) locates at the M point ( 1 = 2 , 1 = 2 , 1 = 2 ), which is only 0.032 eV (0.070 eV) higher than U (0, 0, 0) as calculated by HSE (GGA), which strongly suggests that bGa 2 O 3 is an indirect bandgap semiconductor, in agreement with previous theoretical studies. 12, 13 Notably, the indirect nature of optical transition is retained after alloying with Al, and the VBM eigenvalue differences between the M and U points become larger as the Al content increases in b-(Al x Ga 1Àx ) 2 O 3 , as shown in Fig. 3(c) . The indirect bandgap nature of b-(Al x Ga 1Àx ) 2 O 3 is as expected when one considers the fact that the top valence band is predominantly formed by O-2p orbitals. Indeed, our preliminary DFT results suggest that cation alloying (by Al-, In-, or by both) does not change the indirect nature of the band structure. In general, if materials are direct wide-bandgap semiconductors, band-to-band emissions would be observed in much stronger intensity than the defective emissions. In fact, on the emission properties of b-Ga 2 O 3 by both photoluminescence and cathodoluminescence, only defect emissions such as broad blue and ultraviolet emission peak near 2.9 eV and 3.3 eV, respectively, have been widely reported, while the optical emission directly from conduction band to valence band has yet to be reported. [29] [30] [31] The absence of near-band edge emission is an indication of the indirect nature of electronic band structure of b-Ga 2 O 3 materials. Residual strain may affect the electronic band structure, especially for the layer in the vicinity of the substrate. Based on electronic diffraction patterns (Fig. S2) , the residual strain in the sample of x ¼ 0.17 was estimated to be less than 1.2%. According to our theoretical calculations performed on b-(Al x Ga 1Àx ) 2 (Table S2) . Meanwhile, the calculated electron effective mass values for (Al x Ga 1Àx ) 2 O 3 were found to increase by adding Al-ranging from 0.265 m e for x ¼ 0, to 0.376 m e for x ¼ 0.5 and finally to 0.437 m e for x ¼ 1. For bGa 2 O 3 , similar values were reported, both theoretically 13, 32 and experimentally (0.28 m e ). 33 Recently, the effective mass of the 2DEG formed at (Al x Ga 1Àx ) 2 O 3 /Ga 2 O 3 (x ¼ 0.2) interface is estimated to be 0.313 m e , 7 which is related to the strong electron-electron interaction. 34 The electronic band structure and bandgap modulation by Al incorporation can also be evaluated by absorption spectra. Transmittance spectra of b-(Al x Ga 1Àx ) 2 O 3 film samples have been recorded at room temperature and shown in Fig. S4 . The observed oscillation features below the bandgap are attributed to the interference effect between the topmost surface of (Al x Ga 1Àx ) 2 O 3 and (Al x Ga 1Àx ) 2 O 3 /Al 2 O 3 interface, from which the thickness of samples can be determined. Generally, the growth rate decreases with the increasing of Al content in the range of 172-479 nm, as shown in Table I . As a result of bandgap modulation, steep absorption edges exhibit a monotonous shift from the wavelength of 250 to 200 nm as Al content increases from 0 to 0.54. The absorption coefficient (a) can then be obtained 
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thickness, T is the transmittance, and R is the reflectance). 35 Typically, the optical bandgap can be evaluated by using the well-known Tauc rules of ðahÞ n ¼ Aðh À E g Þ, where the value of the exponent, n, denotes the nature of the optical transitions. 36 Good linearity of ðahÞ n versus h is expected when n equals 1/2 for indirect allowed transition or n equals 2 for direct bandgap. Figures 4(a) and 4(b) show the ðahÞ 1=2 and ðahÞ Spot groups marked as "XPS" were obtained by measuring electronic energy loss extracted from XPS, which is closer in agreement with the indirect bandgap "ID" group than the direct bandgap "D" group. Furthermore, a good agreement between the DFT calculation and data from the "ID" group confirms the indirect nature of the band structure. In general, the compositional dependence of the bandgap of b-(Al x Ga 1Àx ) 2 O 3 can be described with a bowing effect
where E GaO g , E AlO g ; and E AlGaO g denote the bandgap value of the Ga 2 O 3 , Al 2 O 3 , and their alloy, respectively, and C g is the bowing parameter. Here, the bowing parameter for indirect bandgap was calculated to be À1.3. In the case of (Al x Ga 1Àx ) 2 O 3 , small values of the bowing parameter are observed in a-, b-, and c-(Al x Ga 1Àx ) 2 O 3 . 10, 19, 21, 28 Typically, a small value of the bowing parameter and thus a small deviation from the linearity of the bandgap of alloys can indicate a desirable miscibility, 37 which is in agreement with the XRD results. The bandgap of 4.5-5.5 eV is corresponding to the absorption wavelength between 225 nm and 275 nm in the solar blind spectral range. 6, 38, 39 After postannealing with 1500 C for 4 h, due to intensive solid reaction and inter-diffusion between the Al 2 O 3 substrate and b-(Al x Ga 1Àx ) 2 
